Climate change and rapid urbanization have aggravated the rainstorm flood in Jinan City during the past decades. Jinan City is higher in the south and lower in the north with a steep slope inclined from the south to the north. This results in high-velocity overland flow and deep waterlogging, which poses a tremendous threat to pedestrians and vehicles. Therefore, it is vital to investigate the rainstorm flood and further perform flood risk zoning. This study is carried out in the "Sponge City Construction" pilot area of Jinan City, where the InfoWorks ICM 2D hydrodynamic model is utilized for simulating historical and designed rainfall events. The model is validated with observations, and the causes for errors are analyzed. The simulated water depth and flow velocity are recorded for flood risk zoning. The result shows that the InfoWorks ICM 2D model performed well. The flood risk zoning result shows that rainfalls with larger recurrence intervals generate larger areas of moderate to extreme risk. Meanwhile, the zoning results for the two historical rainfalls show that flood with a higher maximum hourly rainfall intensity is more serious. This study will provide scientific support for the flood control and disaster reduction in Jinan City.
Introduction
During the past decades, Jinan City has experienced prosperity in social economy. However, a series of urban water problems such as water pollution, water shortage, and urban flooding have arisen and posed a great challenge to the continued healthy development of social society [1, 2] . Severe climate change and rapid urbanization augment the probability of urban rainstorm flood and cause a large number of casualties and economic losses [3, 4] . Urban rainstorm flood has become one of the most concerning problems [5, 6] . In order to strengthen the work of flood control and disaster reduction and reduce the casualty and property losses caused by urban floods, it has become an increasingly common method to use the urban flood model to simulate the flooding situation and perform flood risk zoning which provides technical support for flood control and disaster reduction [7] [8] [9] [10] . At present, many Chinese scholars have used hydrological and hydraulic models to carry out a lot of researches on the urban flooding problem and have accumulated abundant theoretical and practical experience for flood prevention and reduction work in our country [8, 11] . Since the 1980s, a group of Chinese scholars have developed urban rain-flood models with independent intellectual property rights, but these models are usually codes or programs used within a number of research teams. These models are not easy to operate or interface friendly, and they are not widely used for the lack of commercial promotion [8] . In comparison, the SWMM model from the United States is broadly used because its codes are open-source and it is free to use [12] . MIKE series (Denmark), InfoWorks ICM (UK), and PCSWMM (Canada) also have a good number of users due to their strong hydrodynamic ability and preprocessing and postprocessing capacity [4, 13] . Yu et al. [14] developed an urban flood model of city scale in Jinan City by using the SWMM model. The results are good and the work has provided scientific and technological support for flood control and disaster reduction in Jinan City. Huang et al. [15] [16] used the PCSWMM model to develop a rainflood model which has been verified with observed data and used for analyzing the risk for designed rainfalls of different recurrence intervals. Qi et al. [17] developed a onedimensional and a two-dimensional hydrodynamic model in the lower reaches of Tiantang River of Beijing based on MIKE 11 and MIKE 21. Then, these models have been coupled using MIKE FLOOD to simulate the regional flood under different rainstorm scenarios. The flood risk has been analyzed and has provided scientific support for the rational selection of the detention area and the development of a proper dam control scheme.
Jinan City has repeatedly suffered extreme rainstorms in history. Its flood problem is very severe due to its special geography. The city is higher in the south and lower in the north, so road flood and waterlogging have become a main threat to pedestrians and vehicles [1, 14] . This paper intends to use InfoWorks ICM to develop a model coupling hydrological with hydrodynamic process in the "Sponge City Construction" pilot area of Jinan City. Several historical rainstorm events are modeled and verified with the flood monitoring records. Then, the verified model is used for designed rainfalls of different recurrence intervals. The water depth and velocity are recorded and used to perform flood risk zoning. This work will provide scientific and technological support for flood prevention and mitigation work of the study area and Jinan City as well.
Methodologies

Coupled Hydrological and Hydrodynamic
Model. The coupled hydrological and hydrodynamic model based on InfoWorks ICM consists of a hydrological process and a hydrodynamic process and their coupled process. As we know, the hydrodynamic modeling, especially the two-dimensional hydrodynamic modeling, is very timeconsuming and always a bottleneck for fast and detailed modeling. The InfoWorks ICM can solve this problem with its parallel computation based on GPUs. Moreover, table handling, SQL query, and GIS function are available in the InfoWorks ICM, which make it easier for data preprocessing and result postprocessing.
The processes included in the InfoWorks ICM are the runoff calculation and flow convergence for the hydrological model, the one-dimensional hydrodynamic simulation for the underground pipe networks, and the two-dimensional hydrodynamic simulation for surface inundation. The hydrological model adopts a distributed method to simulate the rainfall-runoff process by dividing the study area into detailed subcatchment areas which may have various runoff surfaces of different flow characteristics. The runoff calculation and flow convergence process of the hydrological model can employ various models. In this paper, the fixed runoff model and SWMM flow convergence model are employed, respectively, as the object of our study is the urban area.
The hydrodynamic simulation for the underground pipe networks is implemented by solving the Saint-Venant equations. The flow in the underground pipes has two states, that is, surface flow and pressurized flow, and the Preissmann Slot is used to handle both kinds of flow and their transition. The mathematical expressions of the Saint-Venant equations are shown in
where is the cross-sectional area of the pipe (m 2 ); is the flow rate of the pipe (m 3 ⋅s −1 ); is time (s); is the length along the direction (m); ℎ is water depth (m); is gravity (m⋅s −2 ); is the angle between the pipe line and horizontal line (degree);
is the conveyance and is calculated with Colebrook-White formula or Manning formula; 0 is the bed slope.
The two-dimensional hydrodynamic simulation of the surface inundation is implemented by solving the shallow water equations (SWE), which are based on the depthaveraged Navier-Stokes equations. The assumption of these equations is that the flow is mainly in the horizontal direction, while flow rate changes in the vertical direction are negligible. The mathematical expressions of the shallow water equations are shown in
where and V are the velocity component in the and directions (m⋅s 
Flood Risk Zoning.
There is a broad consensus that the degree of flood risk that flood poses to people (as well as vehicles, buildings, etc.) is a function of velocity and depth. Other physical factors such as water temperature, land surface type, and objects that may cause slippage or fall (e.g., "blown" manhole), are likely to have an impact on the risk for people or objects in the flood. Xia et al. [18, 19] and Milanesi et al. [20, 21] developed risk calculation methods 
Liyang River Yuxiu River of the human body or vehicles through rigorous mechanical analyses and human engineering. However, these methods are based on complicated theoretical formula deduction, restricting their convenient and efficient applications. In this paper, the empirical method of calculating the flood risk recommended by Defra/Environment Agency of the United Kingdom [22] will be used, and the corresponding formula is shown as
where HR is the flood risk value; ℎ is water depth (m); is the velocity of floodwater (m⋅s −1 ); DF is the debris factor (=0, 0.5, or 1 depending on the probability that debris will lead to a significantly greater hazard, shown in Table 1 ).
The risk values calculated with the above formula will be classified and a detailed classification is shown in Table 2 . 
Model Application
Study Area Description.
Jinan is the political, economic, and cultural center of Shandong Province of China. The study area (as shown in Figure 1 ) is situated in the south of the main urban area of Jinan City, where the Liyang River and the Yuxiu River go through and the "Sponge City Construction" pilot area is located. The eastern, western, and southeastern parts of the study area are characterized by mountains and hills. The area inclines from the south to the north, with a maximum slope of 35.77% and an average slope of 6.8%. This area has been planned and constructed ages ago, and the drainage capacity of the underground drainage pipe networks is insufficient. The huge body of water from the southern mountainous area in the fluvial season will easily form a rapid flood in the study area. Jinan is characterized by a semihumid continental monsoon climate, and so is the study area. Rainfall averages at 500 and 600 mm and is unevenly distributed during the year. Heavy rain events usually occur from July to August in the summer. The distribution of a rain event is concentrated and mainly happens in 12 hours, which generally accounts for more than 80% of the total amount.
Setup of InfoWorks ICM.
The Thiessen polygon method is used to divide the subcatchments of which the runoff will flow into the nearest manholes. Through this way, the hydrological model for surface runoff is connected with the one-dimensional hydrodynamic model for the pipe network. Meanwhile, the hydrodynamic model for the underground pipe network is connected with the two-dimensional hydrodynamic model for surface inundation by setting the flood type of manholes as "2D." This means the water exchange between the surface and manholes is calculated using standard weir equations, where the weir width is taken as the circumference of the manholes. When the drainage capacity is insufficient, the surface is flooded by overflow from the manholes, and in turn the water on the ground will return to the pipe network through the manholes if the drainage network capacity is restored. This way, the coupled model simulates the water exchange between these simulation processes.
The cell size of the two-dimensional hydrodynamic model is set to be less than 50 m 2 for road areas and between 50 and 100 m 2 for other areas. The exact cell size for each mesh is decided by the boundary and topography and is generated with a grid generator embedded in the InfoWorks ICM.
The hydrological model mainly contains parameters for the runoff process and flow convergence process. The parameter is the roughness of the pipe walls for the one-dimensional pipe network model and the roughness of the surfaces for the two-dimensional hydrodynamic model. These parameters are set and adjusted mainly referring to the InfoWorks ICM help document [23] and other related researches [1, [24] [25] [26] .
Result Analysis and Discussion
Model Calibration and Validation.
We have gathered historical rainfalls and surface inundation records only for 2013-07-23 and 2015-08-03 rainfall events, of which the inundation record for 2015-08-03 is comparatively complete. Therefore, the record for 2015-08-03 is used for parameter calibration, and the record for 2013-07-23 is used for parameter validation. As the InfoWorks ICM cannot perform parameters autoverification and is not feasible for secondary development, the parameters are adjusted manually. Through parameter calibration and validation, the rational parameters values are finally obtained. The roughness of the pipe walls is 0.013, and the roughness of the surface is 0.025. Parameters values of the hydrological model are shown in Table 3 . Owing to the instrument problem, only the maximum water depth (0.13 m) and the corresponding occurrence time (9:06) have been recorded for 2013-07-23 rainfall event; those of the simulation are 0.18 m and 9:30 (see Figure 2(b) ). It can be noticed that the difference of the maximum water depth and the occurrence time between simulation and observation is small. Through calibration and validation, it is concluded that the model has well represented the historical rainfall events with reasonable accuracy and confidence.
Road Flood Risk Zoning
. Now that the model shows good performance, it can be applied for urban flood simulation and risk zoning. The model is used for running with four designed rainfall scenarios (rainfall duration is 120 min and recurrence intervals are 1, 5, 10, and 20 years) generated with the InfoWorks ICM (as shown in Figure 3 ). The timevariable water depth and velocity for every calculating grid are obtained and used to calculate flood risk with the formula in Section 2. And the maximum risk value for each grid along the simulating period is obtained. The risk level for each risk value can be calculated referring to Table 2 with which the risk zoning maps are generated and shown in Figures 4 and 5. Areas with low, moderate, significant, and extreme risk are summarized in Table 4 . Table 4 shows that, with the increase of rainfall recurrence intervals, the total area of low risk gradually decreases while the total area of the risk above moderate gradually increases on the contrary. The total rainfall of 2013-07-23 event is greater than that of 2015-08-03 event, whereas the latter has a larger maximum hourly rainfall than the former. It can be found that the area of low risk for the former is larger than the latter while the former has a larger area of risk above moderate. and 19:50, respectively, whereas the water depth quickly rises afterwards. The observed water depth for 2015-08-03 rainfall event shows a fluctuation before reaching the peak and then inclines quickly (as depicted in Figure 2(a) ). There are two reasons accounting for this phenomenon. First, the runoff of the subcatchments converges into manholes without flowing through the surface in the early time. As a consequence, no water will accumulate on the surface before the pipe networks become surcharged. Second, the interval of the rainfall data used here is one hour, which means the rainfall intensity is constant from 19:00 to 20:00. Therefore, the simulated surface inundation depth increases gradually. However, the actual rainfall intensity for historical rainfall events varies along time, which generates the fluctuated dashdotted line in Figure 2 (a). It is deduced that if fully twodimensional hydrodynamic simulation is carried out with computationally powerful computers and the rainfall data intervals are smaller (such as 5 min intervals), the simulation results will be better in line with the observations. (2) It can be noted from Section 4.2 that the flood risk zoning results show that the area of risk above moderate for 2013-07-23 rainfall event (more rainfalls) is smaller than that for 2015-08-03 rainfall event (fewer rainfalls). This is mainly because the latter has a larger maximum hourly rainfall intensity. Moreover, the former has two rainfall peaks and the distribution is more even, while the latter has only one rainfall peak which is centralized. Owing to the limited capacity of the underground drainage system, surcharged water will induce surface inundation if excessive rains flow into the drainage system within a short time. For the 2013-07-23 rainfall event, the light rain after the first rainfall peak makes it easier for drainage capacity restoration, while the 2015-08-03 rainfall event has an earlier rainfall peak which is relatively concentrated. For the 2015-08-03 event, the drainage pipes are overloaded all the time without enough time for their capacity restoration, and therefore the surface is flooded by the excessive water from manholes.
Conclusions
This paper presents a study on urban flood risk in the "Sponge City Construction" pilot area of Jinan City. In this study, the InfoWorks ICM model is used to simulate two historical rainfall events and four designed rainfalls with different recurrence intervals. The surface water depth and flood velocity are recorded. The model is verified with flood monitoring records and its applicability is proved. Possible causes resulting in model errors are analyzed. Then, the recorded water depth and flood velocity are utilized to estimate the flood risk and perform flood risk zoning. Through analysis and discussion on the results, the following conclusions are drawn:
(1) The coupled model developed in this study well simulates the historical rainstorm events with good confidence and accuracy. Although the simulated water depth and occurrence time of the peak for 2013-07-23 rainfall event show a little discrepancy with the observed record, the result is reasonable. The simulating maximum water depth and the occurrence time for 2015-08-03 rainfall event are almost entirely the same as the observed records, although the hydrographs of water depth are not completely consistent. (2) There are two main reasons accounting for the inconsistence of the hydrograph between simulation and observation for 2015-08-03 rainfall event. First, the hydrological modeling cannot simulate the surface inundation, so the surface will not get flooded until the pipes become overloaded. Second, the rainfall data used in this study is hourly interval and the rainfall intensity is even in an hour, which results in the gradual increase and decrease of the hydrograph. However, the actual rainfall may change frequently and rapidly, resulting in the fluctuation of the observed surface water depth.
(3) The flood risk zoning results of the historical and designed rainfall events show that rainfall with larger recurrence intervals will produce larger areas of risk above moderate. The simulation results of the two historical rainfall events indicate that if the maximum hourly rainfall intensity is smaller and the rainfall distribution is more even, the area of risk above moderate is smaller. This is mainly because the pipes will not easily get surcharged to make manholes overflow under this condition. This conclusion is very constructive to the flood control work. Water storage devices (e.g., pond, valley dam) can be set up at the mountain fronts, and water collecting devices such as Rain Barrels can be placed in the residential area. These measures will help collect rainwater in the early raining time, which alleviates drainage pressure, thereby avoiding urban flooding.
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